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@ Optical element and method of fabricating the same. 



@ An optical element includes a crystal of Lix- 
Tai-xNbOs which has one of an x-surface and a 
y-surface, where X denotes an atomic fraction 
and 0^)^1. Proton-exchanged layers period- 
ically extend on one of the x-surface and the 
y-surface of the crystal. Grooves extend In said 
one of the x-surface and the y-surface of the 
crystal, and have bottoms whtoh are defined by 
surfaces of the proton-exchanged layers. Ordi- 
nary light which has passed through the pro- 
ton-exchanged layers and the grooves is out of 
phase wrth respect to ordinary light which has 
passed through a region of the crystal outskJe 
the proton-exchanged layers and the grooves 
by a quantity of (2n+1)ir, where n denotes an 
arbitrary integer. Extraordinary light which has 
passed through the proton-exchanged layers 
and the grooves is out of phase with respect to 
extraordinary light which has passed through a 
region of the crystal outside the proton- 
exchanged layers and the grooves by a quantity 
of 2m'ir. where m denotes an arbitrary integer. 



FIG. 1 
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BACKGROUND OF THE INVENTION 

Field of the Invention 

This invention relates to an optical element such 
as a polarization separating element or a polarization 
anisotropic hologram element This invention also re- 
lates to a nrtethod of fabricating an optical element. 
This invention further relates to an optical information 
processing apparatus. 

Description of the Prior Art 

Japanese published unexamined patent applica- 
tion 63-314502 discloses a polarization separating 
element usable in an optical communication system. 
The polarization separating element of Japanese pa- 
tent application 63-314502 includes a substrate of li- 
thium niobate, proton-exchanged layers, and dielec- 
tric films. The proton-exchanged layers are periodi- 
cally formed on a surface of the substrate at intervals. 
The dielectric f iln^ are formed on and aligned with 
the proton-exchanged layers respectively. In the po- 
larization separating element of Japanese patent ap- 
plication 63-314502, lithium-niobate substrate por- 
tions covered with the proton-exchanged layers and 
the dielectric films alternate with lithium-niobate sut>- 
strate portions uncovered therefrom. In the following 
description, the substrate portions covered with the 
proton-exchanged layers and the dielectric films will 
also be referred to as the covered substrate portions, 
while the substrate portions uncovered therefrom will 
also be referred to as the uncovered substrate por- 
tions. 

The relation or ratio in refractive index between 
the lithiumniobate substrate and the proton-ex- 
changed layer varies in accordance with which of an 
ordinary ray of light and an extraordinary ray of light 
is applied thereto. 

The polarization separating element of Japanese 
patent application 63-314502 operates as follows. In 
the case of an extraordinary ray of light, the part of 
the light which has passed through the covered sut>- 
strate portions is delayed in phase relative to the part 
of the light which has passed through the uncovered 
substrate portions. The phase delay is caused by the 
difference In refractive index between the dielectric 
film and air, and the difference In refractive Index be- 
tween the proton-exchanged layer and the lithium 
niobate substrate. As a result of the phase delay, the 
extraordinary ray is diffracted by the polarization sep- 
arating element. In the case of an ordinary ray of light, 
the dielectricf ilms compensate fora phase difference 
which might be caused between the part of the light 
which passes through the covered substrate portions 
and the part of the light which passes through the un- 
covered substrate portions. Specifically, the differ- 
ence In refrac^e index between the dielectric film 



and air, and the difference in refractive index between 
the proton-exchanged layer and the lithiunvniobate 
substrate cancel the phase difference. Thus, the or- 
dinary ray is un-diffiracted by the polarization separat- 

5 ing element 

During the fabrication of the polarization separat- 
ing element of Japanese patent application 63- 
314502, the formation of the dielectric films and the 
alignment between the dielectric films and the pro- 

10 ton-exchanged layers necessitate troublesome and 
lat)orious steps. 

SUMMARY OF THE INVENTION 

15 It is a first object of this invention to provide an im- 

proved optical element 

It is a second object of this invention to provide 
an Improved method of fabricating an optical element. 
It is a third object of this invention to provide an 

20 improved optical information processing apparatus. 

A first aspect of this invention provides an optical 
element comprising a crystal of LixTai.xNb03 which 
has one of an x-surface and a y-surface, where X de- 
notes an atomic fraction and O^^l; proton-ex- 

25 changed layers periodically extending on one of the 
x-surface and the y-surface of the crystal; and 
grooves extending in said one of the x-surface and 
the y-surface of the crystal and having bottoms which 
are defined by surfaces of the proton-exchanged lay- 

30 ers; wherein ordinary light which has passed through 
the proton-exchanged layers and the grooves is out 
of phase with respect to ordinary light which has 
passed through a region of the crystal outside the 
proton-exchanged layers and the grooves by a quan- 

35 tity of (2n+1 }n, and n denotes an arbitrary integer, and 
wherein extraordinary light which has passed through 
the proton-exchanged layers and the grooves is out 
of phase -with respectto extraordinary light which has 
passed through a region of the crystal outside the 

40 proton-exchanged layers and the grooves by a quan- 
tity of 2tnK, and m denotes an arbitrary integer. 

Asecond aspect of this invention provides an opt- 
ical element comprising a crystal of LixTa^xN^Oa 
which has one of an x-surface and a y-surface, where 

45 X denotes an atomic fraction and O^^l; proton-ex- 
changed layers periodically extending on one of the 
x-surface and the y-surface of the crystal; and 
grooves extending in said one of the x-sur^ce and 
the y-surface of the crystal and having bottoms which 

50 are defined by surfaces of the proton-exchanged lay- 
ers; wherein ordinary light which has passed through 
the proton-exchanged layers and the grooves is out 
of phase with respect to ordinary light which has 
passed through a region of the crystal outside the 

55 proton-exchanged layers and the grooves by a quan- 
tity of 2mn, and m denotes an arbitrary integer, and 
wherein extraordinary light which has passed through 
the proton-exchanged layers and the grooves is out 
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of phase with respect to extraordinary light which has 
passed through a region of the crystal outside the 
proton-exchanged layers and the grooves by a quan- 
tity of (2n+ 1)tc, and n denotes an arbitrary integer. 

Athird aspect of this invention provides a method 
of fabricating an optical element which comprises the 
steps of preparing a crystal of LlxTai.xNb03 which 
has a surface, where X denotes an atomic fraction 
and 0^X^1; forming proton-exchanged layers on the 
surface of the crystal; and etching away parts of the 
proton-exchanged layers to form grooves in the sur- 
face of the crystal. 

A fourth aspect of this Invention provides an opt- 
ical information processing apparatus comprising a 
polarization separating element for separating inci- 
dent light Into diffracted light and nondiffracted light, 
the polarization separating element having first and 
second efficiencies for the diffracted light and the 



Figs. 4-8 are sectional views of a substrate at dif- 
ferent stages during the fabrication of the polarization 
separating element of the first embodiment. 
5 Fig. 9 is a diagram of an optical information proc- 

essing apparatus according to a third embodiment of 
this invention. 

Fig. 10 is a perspective view of the polarization 
separating element of the first embodiment. 
10 Fig. 1 1 is a perspective view of a polarization sep- 

arating element according to a fourth embodiment of 
this invention. 

Fig. 12 is a perspective view of a polarization sep- 
arating element according to a fifth emtK>diment of 
15 this invention. 

Fig. 13 is a perspective view of a polarization sep- 
arating element according to a sixth embodiment of 
this Invention. 

DESCRIPTION OF THE FIRST PREFERRED 
EMBODIMENT 

With reference to Figs. 1 and 10, an optical ele- 
ment or a polarization separating element includes an 
x-plane (x-face) lithiunvniobate crystal substrate 20. 
Proton-exchanged layers 21 having a predetermined 
thickness or depth "dp" are periodically formed on an 
upper surface (x-plane) of the lithium-niobate sub- 
strate 20 at Intervals. The proton-exchanged layers 
21 elongate along the y-axis of the lithium-niobate 
crystal. In addition, the proton-exchanged layers 21 
are spaced in the z-axis of the lithium-niobate crystal. 
Portions of the lithium-niobate substrate 20 which ex- 
tend outside the proton-exchanged layers 21 emerge 
or project upward from the proton-exchanged layers 
21 . In other words, the portions of the substrate which 
extend outside the proton-exchanged layers 21 form 
spaced lands t>etween which the proton-exchanged 
layers 21 extend. Thus, the surface 20 of the lithium- 
nbbate substrate has spaced grooves 24 defined be- 
tween the land portions. The proton-exchanged lay- 
ers 21 are aligned with the grooves 24 in the x-axis 
direction of the lithiunvniobate crystal respectively, 
and are exposed at the bottoms of the grooves 24 re- 
spectively. The grooves 24 have a predetermined 
depth "da". 

An example of typical values of the refractive in- 
dexes of the lithium-niot)ate substrate 20 and the pro- 
ton-exchanged layers 21 will be indicated in the fol- 
lowing: 

no = 2. 264 
ne = 2.177 
nop = 2.260 
nep = 2. 322 

where "no" denotes the refractive index of the lithium- 
nbbate substrate 20 with respect to an ordinary ray 
of light; "ne" denotes the refractive index of the 11- 
thiunn-niobate substrate 20 with respect to an extra- 
ordinary ray of light "nop" denotes the refractive In- 



nondiffracted light respectively, the first and second 20 
efficiencies being different from each other; a first 
photodetector element for detecting the diffracted 
light; a first amplifier for amplifying an output signal of 
t he first photodetector element; a second photodetec- 
tor element for detecting the nondiffracted light; a 25 
second amplifier for amplifying an output signal of the 
second photodetector element; wherein the first anv 
plifier has a first predetermined amplification factor 
and the second amplifier has a second predeter- 
mined amplification factor, and the first and second 30 
amplification factors are dependent on the first and 
second efficiencies to compensate for a difference 
between the first and second efficiencies of the po- 
larization separating element 

Af ifth aspect of this invention provides an optical 35 
element comprising a substrate having a surface; a 
proton-exchanged layer extending on the surface of 
the substrate; and an unoccupied groove extending in 
the surface of the substrate and aligning with the pro- 
ton-exchanged layer, the groove having a t}ottom at 40 
which the proton-exchanged layer is exposed. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a sectional view of a polarization sepa- 45 
rating element according to a first emt>odiment of this 
invention. 

Fig. 2 is a diagram of the relation between the 
depth of the grooves and the measured values of the 
diffraction efficiency and the transmittance with re- 50 
spect to samples of the polarization separating ele- 
ment of the first emtxxJiment for an ordinary ray of 
light having a wavelength of 780 nm. 

Fig. 3 is a diagram of the relation between the 
depth of the grooves and the measured values of the 55 
diffraction efficiency and the transmittance with re- 
spect to samples of the polarization separating ele- 
ment of the first embodiment for an extraordinary ray 
of light having a wavelength of 780 nm. 
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dex of the proton-exchanged layers 21 with respect 
to an ordinary ray of light; and "nep' denotes the re- 
fractive index of the proton-exchanged layers 21 with 
respect to an extraordinary ray of light. It should be 
noted that the refractive Indexes of the lithiunrvnio- 
bate substrate 20 and the proton-exchanged layers 
21 slightly vary according to conditions of the fabrica- 
tion of the substrate and conditions of the proton ex- 
change. 

The character "Ano" is now introduced as an in- 
dication of the difference between the refractive in- 
dexes "no" and "nop" of the lithium-niobate substrate 
20 and the proton-exchanged layers 21 with respect 
to an ordinary ray of tight In addition, the character 
"Ane" is introduced as an indication of the difference 
between the refractive indexes "ne" and "nep" of the 
lithium-niobate substrate 20 and the proton-ex- 
changed layers 21 with respect to an extraordinary 
ray of light The refractive-index differences "Ano" and 
"Ane" are given as: 

Ano = nop - no (1) 
Ane = nep - ne (2) 
When the previously-mentioned typical values of the 
refractive indexes are placed into the equations (1) 
and (2), the calculated values of the refractive-index 
differences "Ano" and "Ane" are equal to -0.04 and 
+0.145 respectively. Thus, with respect to an ordinary 
ray of light the refractive Index of the proton-ex- 
changed layers 21 is greater than the refractive index 
of the lithium-niobate substrate 20 by 0.145. On the 
other hand, with respect to an extra-ordinary ray of 
tight the refractive index of the proton-exchanged 
layers 21 Is smaller than the refractive index of the li- 
thium-niobate substrate 20 by 0.04. In this way, the 
relation or ratio in refractive index between the li- 
thium-niobate substrate 20 and the proton-ex- 
changed layers 21 varies in accordance with which of 
an ordinary ray of light and an extraordinary ray of 
light is applied thereto. 

The polarization separating element uses the de- 
pendence of the refractive-index relation upon the 
conditions of applied light and features that the 
grooves 21 compensate for a change or an uneven- 
ness in refrective index with respect to an extraordin- 
ary ray of light 

The polarization separating element operates as 
follows. In the case where an ordinary ray of light 
which has an electric-field vector in the y-axis direc- 
tion of the crystal of the lithium-niobate substrate 20 
is incident to the polarization separating element a 
part of the light passes through portions of the li- 
thiunv-niobate subsb-ate 20 covered with the proton- 
exchanged layers 21 while another part of the light 
passes through portions of the lithium-niobate sut>- 
strate 20 uncovered from the proton-exchanged lay- 
ers 21 . In the following description, the substrate por- 
tions covered with the proton-exchanged layers 21 
will also be referred to as the covered substrate por- 



tions, while the substrate portions uncovered there- 
from will also be referred to as the uncovered sub- 
strate portions. Since the refractive index of the pro- 

5 ton-exchanged layere 21 and the refractive index of 
the grooves 24 (the refractive index of air) are smaller 
than the refractive index of the lithiunvniobate sub- 
strate 20. the light which has passed through the cov- 
ered portions of the substrate 20 (that is, the light 

10 which has successively passed through the grooves 
24, the proton-exchanged layers 21. and the sut>- 
strate 20) is advanced in phase relative to the light 
which has passed through the uncovered portions or 
the land portions of the substrate 20. Specifically, the 

15 quantity A<|>o of the resultant phase change is given 
as: 

A<|rt) = (2n/X)«(Ano«dp + Anoa^da) (3) 
where the phase-change quantity A<^ is defined as 
being positive for a phase delay and being negative 

20 for a phase advance; "X" denotes the wavelength of 
the incident light and "Anoa" denotes the difference 
between the refractive index "no" of the lithium-nio- 
bate substrate 20 with respect to an ordinary ray of 
light and the refractive index of air (which is equal to 

25 1 ). The refractive-index difference "Anoa" is given as: 
Anoa = 1 - no (4) 
In the case where an extraordinary ray of light 
which has an electric-field vector in the z-axis direc- 
tion of the crystal of the lithium-niobate substrate 20 

30 is incident to the polarization separating element a 
part of the light passes through the covered substrate 
portions whQe another part of the light passes 
through the uncovered substrate portions. Since the 
refractive index of the grooves 24 (the refractive index 

35 of air) is smaller than the refractive index of the li- 
thium-niobate substrate 20, the light which has 
passed through the grooves 24 is advanced in phase 
relative to the light which has passed through the un- 
covered portions or the land portions of the lithium- 

40 niobate substrate 20. On the other hand, since the re- 
fractive index of the proton-exchanged layers 21 is 
greater than the refractive index of the lithium-nio- 
bate substrate 20, the light which has passed through 
the proton-exchanged layers 21 is delayed in phase 

45 relative to the light which has passed through the un- 
covered portions or the land portions of the lithium- 
niobate substrate 20. In this way, the light which has 
passed through the covered portions of the substrate 
20 (that is, the light which has successively passed 

50 through the grooves 24, the proton-exchanged layers 
21, and the substrate 20) undergoes a phase ad- 
vance and a phase delay in the grooves 24 and the 
proton-exchanged layers 21 respectively. The quan- 
tity A<t»e of the resultant phase change is given as: 

55 A<^e = (2n/X)«(Ane«dp + Anea«da) (5) 

where the phase-change quantity A<^e is defined as 
being positive for a phase delay and being negative 
for a phase advance; "X" denotes the wavelength of 
the Incident light and "Anea" denotes the difference 



4 



7 



EP 0 565 381 A2 



8 



between the refractive index "ne" of the lithiunrvnio- 
bate substrate 20 with respect to an extraordinary ray 
of light and the refractive index of air (which is equal 
to 1). The refractive-index difference "Anea" is given 
as: 

Anea = 1 - ne (6) 
As previously described, the light which has passed 
through the covered portions of the substrate 20 un- 
dergoes a phase advance and a phase delay in the 
grooves 24 and the proton-exchanged layers 21 re- 
spectively. The depth "da" of the grooves 24 and the 
depth "dp" of the proton-exchanged layers 21 are pre- 
ferably chosen so as to cancel the phase advance 
and the phase delay provided by the grooves 24 and 
the proton-exchanged layers 21. 

The polarizatbn separating element diffracts an 
ordinary ray of light but undrffracts an extraordinary 
ray of light. This function of the polarization separat- 
ing element is attained by the following arrangement 
The depth "da" of the grooves 24 and the depth "dp" 
of the proton-exchanged layers 21 are chosen so that 
the extraordinary-ray phase-change quantity A<|»e 
given by the equation (5) will approximately equal a 
multiple of 2ic and the ordinary-ray phase-change 
quantity A<|k> given by the equation (3) will appreciably 
differ from a multiple of 27c. It is preferable that the or- 
dinary-ray phase-change quantity A<t»o approximately 
equals an odd-number multiple of n {n times an odd 
integer). These conditions are expressed by the fol- 
lowing equations. 

{21dX)^{^r\o^6p + Anoa^da) = -(2n +1)7c (7) 

(2ii/X)«(Ane«dp + Anea«da) = 2mn (8) 
where "m" and "n" denote arbitrary integers respec- 
tively. 

Especially, in the case where m=0 and n=0, 
these values are placed into the equations (7) and (8) 
and thus the depth "da" of the grooves 24 and the 
depth "dp" of the proton-exchanged layers 21 are giv- 
en as: 

da = (X/2) {Ane/(AnoAnea - AneAnoa)} (9) 
dp = (Xy2) {Anea/(AneAnoa - AnoAnea)} (10) 
With respect to light having a wavelength of, for ex- 
ample, 0.78 ^im (780 nm), the depth "da" of the 
grooves 24 and the depth "dp" of the proton-ex- 
changed layers 21 are preferably equal to about 0.25 
^m and 2.00 ^m respectively according to the equa- 
tions (9) and (10). Since the refractive index of the 
proton-exchanged layers 21 slightly varies in accor- 
dance with conditions of the formation thereof and 
the actual depth of the proton-exchanged layers 21 
tends to be uneven, practically preferable values of 
the depth "da" of the grooves 24 and the depth "dp" 
of the proton-exchanged layers 21 generally deviate 
from 0.25 ^m and 2.00 fun respectively. 

Experiments were performed on samples of the 
polarization separating element which had the pro- 
ton-exchanged layers 21 with a thickness of 2.38 ^m 
and the grooves 24 with varying depths. During the 



experiments, the diffraction efficiency and the trans- 
mittance were measured with respect to each sample 
of the polarization separating element while either an 

5 ordinary ray of light having a wavelength of 780 nm 
or an extraordinary ray of light having a wavelength 
of 780 nm was applied thereto. The samples of the 
polarization separating element were not prepared at 
once. Specifically, a single sample of the polarization 

10 separating element which had the grooves 24 with a 
greatest predetermined depth was prepared first. 
Measurements of the diffraction efficiency and the 
transmittance were done wit h respect to t he first sam- 
ple while an ordinary ray of light and an extraordinary 

15 ray of light were alternately applied thereto. Subse- 
quently, the first sample of the polarization separat- 
ing element was made, by a selective etching process 
using hydrofluoric acid, into a second sample of the 
polarization separating element which had the 

20 grooves 24 with a second greatest predetermined 
depth. Measurements of the diffraction efficiency 
and the transmittance were done with respect to the 
second sample while an ordinary ray of light and an 
extraordinary ray of light were alternately applied 

25 thereto. These processes were reiterated. 

Fig. 2 shows the measured values of the diffrac- 
tion efficiency tjoI and the transmittance t^oO with re- 
spect to the samples of the polarization separating 
element for an ordinary ray of light having a wave- 

30 length of 780 nm. As shown in Fig. 2. for an ordinary 
ray of light, the diffraction efficiency r|Ol increased 
but the transmittance iioO decreased in accordance 
with increases in the depth "da" of the grooves 24. 
These changes in the diffraction efficiency iiol and 

35 the transmittance tioO occurred in a limited range of 
the depth "da" of the grooves 24 below a given value 
of about 0. 1 5 ^m. The cause of these changes in the 
diffraction efficiency iiol and the transmittance r\oO 
was that the phase difference between the light pass- 

40 ing through the uncovered portions of the substrate 
and the light passing through the covered portions of 
the substrate increased as the depth of the grooves 
24 increased. 

Fig. 3 shows the measured values of the diffrac- 

45 tion efficiency r\e^ and the transmittance i^eO with re- 
spect to the samples of the polarization separating 
element for an extraordinary ray of light having a wa- 
velength of 780 nm. As shown in Fig. 3, for an extra- 
ordinary ray of light, the diffraction efficiency t^el de- 

50 creased but the transmittance tieO generally in- 
creased in accordance with increases in the depth 
"da" of the grooves 24. In addition, the transmittance 
TieO peaked at about a groove depth of 0.13 fim, and 
decreased as the groove depth increased from 0.13 

55 ^m. These changes in the diffraction efficiency tiel 
and the transmittance iieO occurred in a limited range 
of the depth "da" of the grooves 24 below a given val- 
ue of about 0.15 ^m. The cause of these changes in 
the diffraction efficiency i^el and the transmittance 
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TieO was that the grooves 24 canceled the increase 
in the refractive index by the proton-exchanged lay- 
ers 20. At a groove depth of 0.13 ^m, the extinction 
ratio was equal to 24 dB and 1 7 dB with respect to the 
transnnitted light and the diffracted light respectively. 

The polarization separating element may be 
modified as follows. According to a first modification 
of the polarization separating element, the x-plane li- 
thium-niobate substrate Is replaced by a y-plane 11- 
thiunvniobate substrate. In a second modification of 
the polarization separating element, the lithiumnio- 
bate substrate is replaced by a lithium tantalate. In a 
third modification of the polarization separating ele- 
ment, the lithiumniobate substrate is replaced by a 
substrate of a mixed crystal of lithium niobate and li- 
thium tantalate. A fourth modification of the polariza- 
tion separating element Includes a nonreflective coat 
made of dielectric material. 

The polarization separating element of Fig. 1 was 
fabricated as follows. First, an x-plane lithium-niobate 
substrate 20 was prepared. As shown in Fig. 4, a layer 
33 of tantalum was formed on an upper surface of the 
lithium-niobate substrate 20 by a vapor deposition 
process. Then, as shown in Fig. 5, a predetermined 
pattern of resist 31 was formed on an exposed sur- 
face (an upper surface) of the tantalum layer 33 by 
photolithography. Subsequently, as shown in Fig. 6, 
the portions of the tantalum layer 33 which were un- 
covered from the resist 31 were removed by an etch- 
ing process while the resist 31 was used as a mask. 
Thus, only the portions of the tantalum layer 33 which 
were covered by the mask 31 remained on the li- 
thium-niobate substrate 20. In this way, the tantalum 
layer 33 on the lithium-niobate substrate 20 was 
made into a given pattern equal to the pattern of the 
resist 31 . Afterthe resist 31 was renrK)ved, the lithium- 
ntobate substrate 20 with the pattern of the tantalum 
layer 33 was held In pyrophosphoric acid and was 
subjected to a heating process at a temperature of 
230° C for about 110 minutes. During the heating 
process, the pattern of the tantalum layer 33 was 
used as a mask. Consequently, as shown in Fig. 7, 
upper regions of the portions of the lithium-niobate 
substrate 20 which were uncovered from the mask 33 
were made into proton-exchanged layers 21. Only a 
small amount of the surface portions of the lithium- 
nk)bate substrate 20 was etched away by the pyro- 
phosphoric acid. Subsequently, the lithium-niobate 
substrate 20 with the proton-exchanged layers 21 
and the tantalum mask 33 was subjected to an etch- 
ing process which used known etching liquid contain- 
ing hydrofluoric acid. This etching liquid had such a 
selective etching functton as to operate on the proton- 
exchanged layers 21 but not operate on the lithium- 
nbbate substrate 20. The tantalum mask 33 was re- 
moved by the etching process. The proton-ex- 
changed layers 21 w^e partially removed by the 
etching process so that grooves 24 occurred above 



the remaining proton-exchanged layers 21 as shown 
in Fig. 8. The depth of the grooves 24 and the depth 
of the remaining proton-exchanged layers 21 were 

5 adjusted by controlling the interval of time during 
which the etching process remained executed. For 
example, in the case where the etching liquid contain- 
ing 45% hydrofluoric acid and 55% water by weight 
was used, the desired value of the depth of the 

10 grooves 24 was attained by maintaining the etching 
process for about 7 minutes. 

It should be noted that the etching liqukj may also 
be of otherfluorine-based types such as the type us- 
ing a mixture of hydrofluoric acid and ammonium f lu- 

15 oride or the type using a mixture of hydrofluoric acid 
and nitric acid. In additk)n, the etching liqukj may be 
replaced by fluorine-based etching gas. Further- 
nfK)re, the etching process may also be of types other 
than the pr6vk)usly-mentk)ned type. 

20 The proton-exchanged layers 21 may be formed 

by other ways such as a way in which the substrate 
is held in benzoic acki and is subjected to a heating 
process while a pattern of aluminum is used as a 
mask. 

25 

DESCRIPTION OF THE SECOND PREFERRED 
EMBODIMENT 

A second embodiment of this invention is similar 

30 to the embodiment of Figs. 1-8, and 1 0 except for de- 
sign changes indicated hereinafter. 

A polarization separating element according to 
the second embodiment diffracts an extraordinary 
ray of tight but undif tracts an ordinary ray of light. This 

35 function of the polarizatbn separating element is at- 
tained by the following arrangement. The depth "da" 
of grooves 24 (see Fig. 1) and the depth "dp" of pro- 
ton-exchanged layers 21 (see Fig. 1) are chosen so 
that the ordinary-ray phase-change quantity A<|k) giv- 

40 en by the equation (3) wQI approximately equal a mul- 
tiple of 2n and the extraordinary-ray phase-change 
quantity A^e given by the equation (5) will appreciably 
differ from a multiple of 2n. It is preferable that the ex- 
traordinary-ray phase-change quantity A<t)e approxh 

45 mately equals an odd-number multiple of n {n times an 
odd integer). These conditions are expressed by the 
following equations. 

(2TC/X)«(Ano*dp + Anoa^da) = 2nm (11) 
(2?c/X)«(Ane«dp + Anea^da) = -(2n +1)^ (12) 

50 where "m" and "n" denote arbitrary integers respec- 
tively. 

Especially, in the case where m=1 and n=0, 
these values are placed into the equations (11) and 
(12) and thus the depth "da" of the grooves 24 and 
55 the depth "dp" of the proton-exchanged layers 21 are 
given as: 

da = (X/2){(2Ane - Ano)/(AnoAnea - AneAnoa)} 
(13) 

dp = - (X + Anoa«da)/Ano (14) 
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With respect to light having a wavelength of, for ex- 
ample, 0.78 (780 nm), the depth "da" of the 
grooves 24 and the depth "dp" of the proton-ex- 
changed layers 21 aro preferably equal to about 0.56 5 

and 1.857 respectively according to the equa- 
tions (13) and (14). 

DESCRIPTION OF THE THIRD PREFERRED 
EMBODIMENT 

With reference to Fig. 9, an optical infornnation 
processing apparatus includes a semiconductor laser 

1 , a magneto-optical disk 2, lenses 3. 4, and 5, a pho- 
todetector array 6, a polarization beam splitter 7, and 
a polarization separating element 1 0. The polarization 
separating element 10 Is equal to the polarization 
separating element of the first embodiment the sec- 
ond embodiment, a fourth embodiment, a fifth enrv 
bodiment, or a sixth embodiment. It should be noted 
that the fourth embodiment, the fifth embodiment, 
and the sixth embodiment will be described later. 

The semiconductor laser 1 emits light LI which is 
collimated by the lens 3 into forward parallel rays. The 
forward parallel rays pass through the polarization 
beam splitter 7, and are then focused by the lens 4 
into a spot on a surface of the magneto-optical disk 

2. The polarization beam splitter 7 is designed so as 
to reflect s-polarized light at about 50% and to reflect 
p-polarized light about 100%. The semiconductor las- 
er 1 is designed so that the light emitted therefrom will 
enter the polarization beam splitter 7 as s-polarized 
light. The Kerr effect causes the polarization plane of 
the light on the surface of the magneto-optical disk 2 
to rotate in accordance with information recorded on 
the magneto-optical disk 2. Thus, the light is forced 
to carry the infornr^tion. 

The light is reflected by the surface of the mag- 
neto-optical disk 2, traveling back from the surface of 
the magneto-optical disk 2 and becoming backward 
Might L2 which is incident to the lens 4. The backward 
light is collimated by the lens 4 into backward parallel 
rays. The backward parallel rays are incident to the 
polarization beam splitter 7. Approximately 100% of p- 
pdarized light of the backward parallel rays is reflect- 
ed toward the lens 5 by the polarization beam splitter 
7. On the other hand, approximately 50% of s-pola- 
rized light of the backward parallel rays passes 
through the polarization beam splitter 7. 

The light reflected by the polarization beam split- 
ter 7 passes through the lens 5, and then encounters 
the polarization separating element 10. The light is 
separated by the polarization separating element 10 
into diffracted light beams L3 and L3' and a nondif- 
fracted light beam L4. The polarization separating ele- 
ment 10 is arranged so that the polarization separat- 
ing direction thereof will be angularly offset or spaced 
from the p-polartzed light directbn and the s-pola- 
rized light direction by an angle of 45"*. The diffracted 



light beams L3 and L3' and the nondiffiracted light 
beam L4 are applied to different segments of the pho- 
todetector array 6, being converted into correspond- 
ing electric signals thereby respectively. The electric 
signals which correspond to the diffracted light 
beams L3 and L3' are added or summed, and the re- 
sultant signal L3+L3' is enlarged by an amplifier 50. 
The electric signal which corresponds to the nondif- 



10 fracted light beam L4 is enlarged by an amplifier 51. 
The output signals of the amplifiers 50 and 51 are fed 
to a differential amplifier 52 so that a signal of the dif- 
ference L4-L3+L3' therebetween is generated there- 
by. The difference signal L4-L3+L3' is used as an in- 
15 formation signal. 

Provided that the grating vector of the diffraction 
grating of the polarization separating element 10 is 
varied position to position and thereby the wavefronts 
of diffracted light beams are suitably adjusted, control 
20 signals such as a focusing error signal and a tracking 
error signal can be detected in a known method using 
a hologram element 

The efficiency of the polarization separating ele- 
ment 10 is equal to about 100% with respect to the 
25 nondiffiracted light L4. The efficiency of the polariza- 
tion separating element 1 0 is equal to about 80% with 
respect to the diffracted light (L3+L3*). This efficiency 
difference would counteract the cancellation of in- 
phase noise components by the operation of the dif- 
30 ferentiating amplifier 52. Accordingly, the amplifica- 
tion factor of the amplifier 50 is set greater than the 
amplification factor of the amplifier 51 in order to conv 
pensate for the previously-mentioned efficiency dif- 
ference related to the polarization separating element 
35 10. 

DESCRIPTION OF THE FOURTH PREFERRED 
EMBODIMENT 

40 Fig. 11 shows a fourth embodiment of this inven- 
tion which is similar to the embodiment of Figs, 1-8, 
and 10 except for design changes indicated herein- 
after. In the embodiment of Fig. 11, proton-ex- 
changed layers 21 elongate along the z-axis of a 11- 
45 thiunvniobate crystal in a substrate 20. In additton, 
the proton-exchanged layers 21 are spaced in the y- 
axis of the lithium-niobate crystal. 

It should be noted that the design of the fourth 
embodiment may be applied to the second embodh 
50 ment. 

DESCRIPTION OF THE FIFTH PREFERRED 
EMBODIMENT 

55 Fig. 12 shows a fifth embodiment of this inven- 

tion which is similar to the embodiment of Figs. 1-8, 
and 10 except for design changes indicated herein- 
after. In the embodinfient of Fig. 12, proton-ex- 
changed layers 21 elongate along a direction oblique 
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to both the y-axte and the z-axis of a lithium-niobate 
crystal in a substrate 20. In addition, the proton-ex- 
changed layers 21 are spaced in a direction oblique 
to both the y-axis and the z-axis of the lithiunvnio- 5 
bate crystal. 

It should be noted that the design of the fifth env 
bodiment nnay be applied to the second embodiment. 

DESCRIPTION OF THE SIXTH PREFERRED 10 
EMBODIMENT 

Fig. 13 shows a fifth emtKxJiment of this inven- 
tion which is similar to the embodiment of Figs. 1-8, 
and 10 except for design changes indicated herein- is 
after. In the embodiment of Fig. 13. proton-ex- 
changed layers 21 elongate along curved lines. 

It should be noted that the design of the sixth enrv 
bodiment may be applied to the second embodiment. 



Claims 

1. An optical element comprising: 

a crystal of LixTa^. xNbOa which has one of 
an x-surface and a y-surface, where X denotes 
an atomic fraction and O^^l; 

proton-exchanged layers periodically ex- 
tending on one of the x-surface and the y-surface 
of the crystal; and 

grooves extending in said one of the x-sur- 
face and the y-surface of the crystal and having 
bottoms which are defined by surfaces of the pro- 
ton-exchanged layers; 

wherein ordinary light which has passed 
through the proton-exchanged layers and the 
grooves is out of phase with respect to ordinary 
light which has passed through a region of the 
crystal outside the proton-exchanged layers and 
the grooves by a quantity of (2n'i-1)fc, and n de- 
notes an arbitrary integer; and 

wherein extraordinary light which has 
passed through the proton-exchanged layers 
and the grooves is out of phase with respect to 
extraordinary light which has passed through a 
region of the crystal outside the proton-ex- 
changed layers and the grooves by a quantity of 
2mn, and m denotes an arbitrary integer. 

2. An optical element comprising: 

a crystal of UxTai.xNbOa which has one of 
an x-surface and a y-surface, where X denotes 
an atomic fraction and O^^l; 

proton-exchanged layers periodically ex- 
tending on one of the x-surface and the y-surface 
of the crystal; and 

grooves extending in said one of the x-sur- 
face and the y-surface of the crystal and having 
bottoms which are defined by surfaces of the pro- 



ton-exchanged layers; 

wherein ordinary light which has passed 
through the proton-exchanged layers and the 
grooves is out of phase with respect to ordinary 
light which has passed through a region of the 
crystal outside the proton-exchanged layers and 
the grooves by a quantity of 2nrm, and m denotes 
an arbitrary integer; and 

wherein extraordinary light which has 
passed through the proton-exchanged layers 
and the grooves is out of phase with respect to 
extraordinary light which has passed through a 
region of the crystal outside the proton-ex- 
changed layers and the grooves by a quantity of 
(2n+ ^)n, and n denotes an arbitrary integer. 

3. A method of fabricating an optical element, conrv 
prising the steps of: 

20 preparing a crystal of LixTa^ x^^^z which 

has a surface, where X denotes an atomic frac- 
tion and OSX^I; 

forming proton-exchanged layers on the 
surface of the crystal; and 

25 etching away parts of the proton-ex- 

changed layers to form grooves in the surface of 
the crystal. 

4. An optical information processing apparatus 
30 comprising: 

a polarization separating element for sep- 
arating incident light into diffracted light and non- 
diffracted light, the polarization separating ele- 
ment having first and second efficiencies for the 
35 diffracted light and the nondlffracted light respec- 
tively, the first and second efficiencies being dif- 
ferent from each other, 

a first photodetector element for detecting 
the diffracted light; 
40 a first amplifier for amplifying an output 

signal of the first photodetector element; 

a second photodetector element for de- 
tecting the nond'rffracted light; 

a second amplifier for amplifying an output 
45 signal of the second photodetector element; 

wherein the first amplifier has a first pre- 
determined amplification factor and the second 
amplifier has a second predetermined amplifica- 
tion factor, and the first and second amplification 
so factors are dependent on the first and second ef- 
ficiencies to compensate for a difference be- 
tween the first and second efficiencies of the po- 
larization separating element. 

55 5. An optical element comprising: 

a substrate having a surface; 
a proton-exchanged layer extending on 
the surface of the substrate; and 

an unoccupied groove extending in the 
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surface of the substrate and aligning with the 
proton-exchanged layer, the groove having a bot- 
tom at which the proton-exchanged layer is ex- 
posed. 5 

6. An optical information processing apparatus as 
claimed in daim 4, wherein the said polarising 
separating element is an optical element as 
claimed in daim 1, 2 or 5. io 

7. A method according to claim 3 of fabricating an 
optical element according to daim 1 , 2 or 5. 
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